ABSTRACT. Our ability to access and explore the quantum world has been greatly advanced by the power of atomic manipulation and local spectroscopy with scanning tunneling and atomic force microscopes, where the key technique is the use of atomically sharp probe tips to interact with an underlying substrate. Here we employ atomic manipulation to modify and to quantify the interaction between the probe and the system under study that can strongly affect any measurement in low charge density systems, such as graphene. We transfer Co atoms from a graphene surface onto a probe tip to change and control the probe's physical structure, enabling us to modify the induced potential at a graphene surface. We utilize single Co atoms on a graphene field-effect device as atomic scale sensors to quantitatively map the modified potential exerted by the scanning probe over the whole relevant spatial and energy range.
Atomic manipulation and direct in situ measurement by scanning probes has enabled the design of artificial nanostructures and led to a wealth of scientific discoveries. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The longrange electrostatic interaction between a scanning probe and a sample has significant consequences and can provide unique measurement and manipulation capabilities. For example, the potential of a scanning tunneling microscope (STM) probe tip locally top gates graphene and other low carrier density materials, due to insufficient screening of the electric field in the STM junction at low carrier densities; this phenomenon is often referred to as tip-induced band bending because of its effect on the local electronic structure of a material. As a result, the local doping under the tip can be inverted with respect to the background doping to create a ring-like pn junction that supports whispering gallery mode resonances. 17 The probe potential can also modulate the charge state of an adsorbate or impurity, as demonstrated in semiconductors and graphene. [18] [19] [20] [21] [22] [23] Conversely, we can use an impurity, e.g. an adatom interacting with the lowdensity two-dimensional graphene carriers, as an atomic sensor of the probe action. In the present work, we demonstrate the use of such an atomic sensor to map the induced charge in the material and the potential landscape of the probe tip on the atomic scale.
RESULTS AND DISCUSSION
Clustering of Co atoms on the Graphene Surface. Our experiment utilizes Co atoms deposited on a back gated field-effect graphene device in ultra-high vacuum (UHV) and an electro-polished Ir probe tip (see methods). Co atoms are easily manipulated on the graphene surface by an STM probe and can be brought together to form larger clusters ( Figure 1 ).
Scanning tunneling microscopy (STM) topography images taken at various locations on the sample show protrusions with different apparent heights and suggest the presence of single Co atoms and clusters on the graphene surface. The Co structures can be characterized by their measured heights, widths, and by their interaction with the probe tip (some atoms were easily disturbed by the scanning conditions used while others were not). Figure 1a , suggests that most of the species on the surface are monomers, dimers, and trimers of Co. We attribute the aggregation of Co atoms into larger clusters to their movement in the presence of the tip-induced electric field,
i.e., we frequently encountered cluster formation between consecutive images (one atom disappeared while another increased in apparent height). Figure 1c -d shows a case where this occurred during a lateral manipulation event. The STM tip was positioned above the central atom while the current, sample bias, and back gate were ramped to ( = 400pA, = 50mV, = −40V) before the tip was moved along the path indicated by the red arrow. The resultant topography scan in Figure 1d shows that while the central atom was moved, a nearby cluster also changed in the process. The inadvertently formed cluster indicated by the green arrow of Figure   1d is larger and wider than the two species that were combined, but otherwise appears as a single unit. Based on frequent observations of this behavior, even during regular topography scans, we suggest that the different cluster sizes are primarily due to cluster formation while scanning the surface. Using minimal scanning conditions (e.g. 900fA, or 500fA setpoint currents) was therefore necessary to avoid moving the Co atoms unintentionally. While lateral manipulation was facile, we found that precise manipulation parameters varied from attempt to attempt and therefore proved non-viable. Additionally, unintentional vertical manipulation, where atoms can be picked up off of the surface, could also occur if low setpoints were not used; however, in contrast to lateral manipulation, controlled vertical manipulation was highly repeatable and used to modify the tip structure, as described in this study. The appearance of the charging ring for a given (Vb, Vg) can be deduced from a map of dI/dVb as a function of (Vb, Vg), a so-called gate map. 24, 25 Figure 2e,f show a gate map recorded on and off a Co cluster, respectively. The Co resonant level, E0, disperses following the Dirac point, ED, since it is tied to the graphene band structure. In contrast, the charging peak corresponding to the rings in Figure 2b , occurs at the I/II boundary and appears as a line in the "perpendicular" direction, as seen in previous work, 20 following the dispersion expected from a simple capacitive gating by the probe tip. We can follow the charging process if we focus on a given tunneling bias, for example, = 50 mV. At large gate voltages, the tip potential is given by the conditions in region I, where the tunneling bias is insufficient to raise the impurity level to EF (e.g. the first scenario illustrated in Figure 2d ). As the gate voltage is reduced, the charging line at the boundary I/II will be reached (the second scenario illustrated in Figure 2d ) where the impurity will be charged. For even smaller gate voltages the impurity will remain charged at = 50 mV (the third scenario illustrated in Figure 2d ). Therefore, leaving the probe tip at a fixed position in space while reducing the gate voltage causes the system to change in such a way the tip goes from being in region I to being in region II; this means that the radius of the ring must have increased to encompass the tip position during this process. The ring radius will also increase with an increase in sample bias, as the tip does not have to be as close to the impurity to ionize it at a larger bias. These general trends in ring size and shape become more complex in the case of a multi-faceted tip potential, as shown below.
Using Co Atoms and Clusters as
Modification of the Probe Tip. Figure 3 illustrates the modification of the probe tip using vertical atom manipulation. Figure 3a shows an initial image of a distribution of Co atoms on graphene using a probe tip with multiple apices, resulting in a complex image of the tip structure at each atom on the surface. In this case the Co adatoms are "sharper" than the tip and are imaging the tip structure. A point inversion of one of the Co cluster images yields an approximate shape of the actual tip termination, as shown in Figure 3b . We modify the structure We observe a series of complex charging rings when we lower in steps of 1.5 V in Figure 5b to Figure 5f . Two features stand out; one is the "U" shape of the charging contour in Figure 5d , which does not completely encompass the charged atom, and the second feature is the appearance of two rings in Figure 5e , i.e. the small ring around the central cluster and the large one, which is only partially observed. We show that these charging contours correspond to the induced potential from the multiple tip structure in Figure 3b . 
where intrinsic doping of the sample is taken into account by inclusion of the 0 term, the workfunction difference between tip and sample ( − at infinite separation) is accounted for by the 0 term, and the dielectric constant is taken as = 5. Here is the elementary charge (taken to be positive), ℏ is the reduced Plank constant, and = 10 6 m/s is the Fermi velocity in graphene. The plate separation for the back gate is = 300 nm. The Ir probe tip is approximated by an elliptic paraboloid and is incorporated into the model as a capacitor plate with separation, at each point along the paraboloid, which is a function of the distance to the Ir apex at .
We introduce a term to account for the charge densities associated with adatoms on the tip at positions as,
That is, each of the features identified in the probe tip structure of Figure 3b is assumed to induce an additive charge of a simple Gaussian form. The index, , runs over the three tip features while the coordinate = − is the sample coordinate converted into the tip coordinate system.
The elliptic paraboloid of the original Ir tip is specified by a height of 0 above the graphene, radius of curvature along the major axis of ∥ , and radius of curvature perpendicular to the major axis of ⊥ :
Since the tip-induced potential depends on the tip-sample distance, it can be affected by passing over an atom while the tunneling feedback loop is kept on during the / closed-loop maps.
For this reason, the tip-sample separation of eq 3 includes an additional term, Δ ( ), which is the topography of the sample underneath the tunneling apex so that when the tip passes over an atom, it is considered to be farther away from the graphene.
The condition that a given point, , in a / map lies on a charging ring is that the tip-induced potential at the location of the charging cluster must shift 0 to . The condition is then: ′( ) + 0 = 0, where ′( ) is found by algebraically rearranging eq 1 to solve for ′.
We use this condition to perform a least-squares fit of the model to the charging ring contours in the / maps of Figure 5 , shown collectively as a contour map in Figure 6a However, in the present case the Ir apex lies above (in the y-direction, indicated in Figure 8b ) the tunneling Co apex (i.e. the charging rings start below each cluster), rather than to the right, indicating that the tip configuration has been changed. This basic modification procedure was repeated multiple times, and in each case charging rings could be seen to originate off-center from the charging cluster, with accompanying variations in the orientation and geometry of the ring itself. 
METHODS

Experimental.
The experiments were performed on a graphene/hexagonal boron nitride device with a doped Si back gate, as described previously 17 . Measurements were carried out at 
where ( ) is the total resulting potential, and 0 ( ) for graphene has been substituted on the second line of eq 4.
To model the effect of the back gate, we first consider the graphene sheet as a plate in a parallel plate capacitor with an applied voltage of while ignoring the presence of the tip (i.e.
solving for the behavior far away from the tip). In this case, charging of the capacitor plates causes the chemical potential to shift; the chemical potential is the induced potential, = .
Substituting this into the right-hand side of eq 4 along with the expression for the induced charge on the capacitor plates on the left-hand side yields:
where, as noted for eq 1, the plate separation is given by .
In the present experiment, as is often the case in STM studies, it is most convenient to consider the induced potential relative to the chemical potential, so we define the quantity ′ = − . The top-gating effect of the tip (due to the bias ) is also assumed to take the form of a charged parallel plate capacitor whose plate separation, , varies as a function of position on the sample relative to the tip. Because the tip has been modified by attaching Co atoms, we consider the induced charge density to additionally depend on a non-capacitor term, Δ .
Substituting the induced charge density terms into the left-hand side of eq. 4 and using the relationship of eq 5 yields eq 1.
DFT Modeling.
Calculations were performed on a real space grid [29] [30] [31] with a grid spacing of 12.5 pm and a k-point mesh of 8 × 8 × 1 centered about Γ, using the Perdew-BurkeErnzerhof generalized gradient approximation 32 for the exchange-correlation functional. The model system consisted of 3 layers of Ir atoms with 2×2 surface unit cells and a supercell height of 2.25 nm. The top two layers of the slab and the adsorbed Co atom were allowed to relax to within a tolerance of 0.5 eV/ nm. Dipole corrections along the z-direction were employed in order to extract the work function on either side of the slab.
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